There is no general criterion to determine the necessity of considering the soil-structure interaction in codes. In this study, the effects of considering soil on seismic response of structures are assessed by direct and equivalent spring-dashpot methods. The moment frame structures with three to ten stories located on different soil types are analysed. The results show that considering soil-structure interaction in some models causes an increase and a decrease up to 2 times and 0.6 times in storey shears, respectively. The maximum increase is related to ten-storey buildings which are located on soil type IV and the maximum decrease is related to three-storey buildings which are located on soil type II. Also, considering the soil-structure interaction increases the structure principal period. Finally, a new criterion for determining the necessity of considering soil-structure interaction is presented. In the criterion the soil type, shear wave velocity, natural frequency of structure and building height are considered.
Introduction
The effects of soil-structure interaction are important when the structure constructed on loose soil with big difference between the structure and soil stiffness. Usually, in seismic analysis moment frame structures are assumed as fixed base and ground effects are neglected. Several studies show that neglecting soil-structure interaction effects is non-conservative. Considering soil-structure interaction usually increases structural period and displacement and decreases base shear. Since these estimations are related to number of stories, soil type and structure stiffness to ground stiffness ratio.
There are several studies in considering effects of soil-structure interaction. Jennings and Bielak (1973) studied seismic response of structures located on elastic soil and found approximate equations to calculate natural modified frequency and modified damping ratio. Wong et al. (1977) studied the dynamic contact pressures applied by a nine-storey building foundation (Milikan book store) on a soil surface by a forced vibration experiment. In addition, they presented a simple method for assessment of near field ground motion caused by soil-structure interaction which can be used for a primary approximation of interaction between adjacent structures. Chopra and Gutierres (1978) developed a general sub-structure method for seismic analysis of structures in which the structure is modelled as a finite element system and the soil is considered as continuous media. The results of this method become the same as direct method results if the applied motion in soil-structure interface in sub-structure method is compatible with the applied motion to the base of finite element mesh in direct method. Luco (1980) found the fixed and elastic base system parameters by solving the equation of motion of a single degree of freedom structure located on a soil simulated by lateral translational and rocking springs. Sivakumaran and Balendra (1994) demonstrated that asymmetric structures which are located on loose soil, lateral displacements increase but torsions, shears and twisting moments of the storey decrease obviously. Also, P-∆ effect increases lateral displacements, storey shears and twisting moments. Safak (1995) presented a method for determination soil-structure interaction in structures with no free-field motion existing and negligible base rocking motion. Also, using a simple two degrees of freedom model showed that principal frequency of a structure with considering soil-structure interaction is always smaller than one for a fixed base structure and the one for a foundation without structure. Stewart et al. (1998) presented a method to determine the effective system characteristics on considering soil-structure interaction on seismic response of structures. Garcia (2008) studied soil-structure interaction effects numerically on a six-storey building with basement floor. It was concluded that considering soil-structure interaction increases vibration period, system damping and decreases horizontal spectrum acceleration values. Arefi (2008) studied elasticity of foundation and soil effects on frame structures and concluded that using elastic base in analysis reduces structure response and destruction effects in joints. Tabatabaiefar and Massumi (2010) studied soil-structure interaction effects on reinforced concrete moment frame structures using numerical analysis with linear behaviour of foundation and structure in direct method of analysis. They concluded that considering soil-structure interaction for buildings higher than seven stories on soil type III (175 < V s < 375) and for buildings higher than three stories on soil type IV (V s < 175) is essential. Livaoglu et al. (2012) investigated soil-structure interaction effects on elevated tanks by means of field vibration tests and numerical analysis. The results show that considering soil-structure interaction increases displacement and reduces shear forces comparing to fixed base cases. Lu et al. (2013) investigated soil-pile-bridge-pier group interaction with effect of earthquake loading by three-dimensional numerical analysis. It has been demonstrated that damages of grouppile foundation are caused by inertial loading of superstructure or kinematic interaction of soil.
In this paper, the effects of soil-structure interaction are evaluated by direct and equivalent spring-dashpot methods and the results of both methods are compared with fixed base case. Therefore, three soil types with shear wave velocities of 150 m/s, 320 m/s and 600 m/s are considered which three-, five-, seven-and ten-storey buildings are located on. Shear modulus is considered compatible with strain level during the earthquake. Finally, relative displacement, drift, storey shear and period are compared in different conditions.
Verification
In this study, numerical analysis performed using a finite element code SAP2000 (version 14) . In order to check the software performance, software results are compared to experimental data first. Therefore, an experimental model of a ten-storey-reinforcedconcrete-frame model with applying the El Centro 1940 earthquake (with scale factor of 2.5 for time axis) that is the part of a research project of Illinois University in Urbana-Champaign is used to demonstrate the validity of SAP2000 software (Cecen, 1979) . Also, storey displacement responses were compared with Idarc software (Valles et al., 1996) . The response of storey displacement which is achieved by experiment and finite element code (SAP2000), are illustrated in Figure 1 that shows a good agreement with each other. Hence, the validity of the software performance and the analysis method is verified. 3 Soil-structure interaction methods
In present study, considering the effects of soil-structure interaction is considered by both direct and equivalent spring-dashpot method. In direct method, ground and foundation are modelled simultaneously with structure in the software. In this case free field motion is applied along base and sides of the model. The numerical model and input motion are illustrated in Figure 2 . Response of the model can be calculated by equation (1):
Direct method simulation and the applying form of free field motion to the numerical model
where M, C and K are the mass, damping and stiffness matrix of soil-structure model, M s is the mass matrix of structure, u is relative displacement of soil-structure model relative, u is relative velocity of soil-structure model and ff u is free field acceleration of ground. The model dimension must be designated adequately to prevent wave reflection effects. So, it is suggested that the distance of building to side boundaries and bottom boundaries assume three to four times and two to three times larger than foundation radius, respectively (Gosh and Wilson, 1969) . In current study, the bed rock depth is assumed 30 m which is actually the distance between building centre to bottom boundaries and the distance between side boundaries to building centre is assumed 45 m.
As illustrates in Figure 2 boundaries are modelled as fixed type. Solid elements are used for soil profile simulation that are assumed 1.25 m beneath the foundation which become larger up to 5 metre with distancing from building centre.
The soil-structure system is substituted by spring and dashpot in equivalent spring-dashpot method. In the method soil and structure are effective in foundation stiffness. Components related to soil in foundation stiffness are achieved by soil frequency independent impedance function. By using the frequency independent impedance functions, analysis can be performed in time domain and the soil can be simulated with a spring and dashpot. In 2D problems, the spring and dashpot coefficients can be calculated by equations (2) and (3) for circular-rigid-foundations (Gazetas, 1991; Lysmer and Richart, 1966) .
The subscripts v, h, θ and φ represent vertical, horizontal, rocking and torsion degree of freedom. θh is related to combination of rocking and horizontal degree of freedom. V s , G, ν and ρ are shear wave velocity, shear modulus, Poisson's ratio and mass density of soil.
r is the foundation radius which is the equivalent radius of a circle with equal area for a rectangular foundation. The simulated frame with equivalent spring-dashpot method is presented in Figure 3 . In several dynamic analysis codes like SAP2000, seismic load in direct method is applied to all mass degrees of freedom which make soil-structure interaction be neglected. Therefore, the weightless foundation theory is used in which the foundation is modelled by its material properties (stiffness and geometric dimensions) but its weight is considered zero. Hence, the interaction effects in frame structures by direct method can be considered in SAP2000. Also, the software is able to constrain the structure to ground by springs and dashpots with six degrees of freedom and specific values for each one. The El Centro earthquake time history record is applied to the model. As illustrated in Figure 4 the peak acceleration of the record is 0.319 g. The frames are three-, five-, seven-and ten-storey moment-resisting-reinforced-concrete type which are modelled in 2D. Each storey has three degrees of freedom, two translational in plane and one rotational. The geometrical properties of frame types are presented in Table 1 . The frame element is used to model columns and beams. Figure 5 represents a ten-storey-fixed-base-model. The foundation is only modelled in direct and equivalent spring-dashpot methods which its geometrical properties are designed based on each model ground condition. In this study, the properties of foundations designed in Tabatabaiefar and Massumi (2010) study are used. The foundation types are considered mat on soil type IV and strip footing on other soil types. The foundation length and width on soil type IV are equal to total length of frame spans and frames spacing, respectively. The foundation geometrical properties are presented in Table 2 . The foundation elements are shell type which is appropriate to simulate in-plane membranous and flexural behaviour with three degrees of freedom (two translational and one rotational). In fact, considering the soil-structure interaction is more important for structures constructed on soil layer with shear wave velocity smaller than 600 m/s (Veletsos and Meek, 1974) which is assumed in this range in present study. Soil properties assumed in current analysis are presented in Table 3 . Considering the strains produced by earthquake are about 10 -1 percent, for time history numerical analysis, the shear modulus must be calculated at this strain ranges which can be achieved by the graphs found by Seed and Idriss (1970) .
In direct method the radial damping is considered automatically by soil modelling in the software. Also, soil internal damping is applied in analysis by using Rayleigh damping constants. In order to calculate these constants, the maximum damping ratio and the principal frequency of different soil types must be determined. The damping ratio in specific strains (for earthquake) and soil types is achieved by Seed and Idriss (1970) graphs which are presented in Table 3 . The principal period of a soil profile with height of H and shear wave velocity of V s can be calculated by equation (4). Also, the damping for structural materials is assumed 5%.
Finally, the time history analysis in time duration of 32 seconds, with 1,000 times steps in 0.032 intervals is performed by direct integration Newmark method. Therefore, the modal analysis performed to find deformation modes and principal frequency of the buildings.
Numerical analysis results
Using the time-history analysis results, the displacement of each point relative to bedrock, drifts and storey shears are achieved by the model. Therefore, by using the modal analysis, the building period and frequency of principal mode are achieved. In order to compare the results achieved by direct and equivalent spring-dashpot method with the fixed base model, the results for structure models A, B, C and D are drawn separately in graphs. Drift ratios, relative displacements and storey shears for the conditions in which soil-structure interaction is considered to the condition which is not considered are presented in equation (5).
In which ' d ' is the storey drift (relative displacement of each storey to its bottom storey) when soil-structure interaction is considered. Also, 'd' is storey drift when SSI is not considered. ' Δ ' is relative displacement of each storey when SSI is considered and 'Δ' is such as Δ when SSI is not considered. ' V ' is storey shear when SSI is considered and 'V' is such as V when SSI is not considered. Figure 6 represents the values of r 1 , r 2 and r s versus number of stories in model A by direct and spring-dashpot methods. Figures 7 to 9 illustrate the values in B, C and D models, respectively by direct and spring-dashpot methods. Figure 6 represents the values of drifts, displacements and storey shears with number of stories in ten-storey building by both direct and equivalent spring-dashpot methods. The results show that considering SSI in direct method increases drift ratios in soil type IV but it sometimes increases or decreases this parameter in two other soil types; since in equivalent spring-dashpot model it increases drift ratios in all three soil types. Also, displacement values show that in all soil types considering soil-structure interaction by both methods of analysis increases storey displacements; the ratio achieved by direct method is in greater values for soil type IV relative to two other soil types but it is nearly in same values for all three soil types in equivalent spring-dashpot method analysis. The storey shear variations achieved by both direct and equivalent spring-dashpot methods show that considering SSI in ten-storey building model increases storey shears in all three soil types. Drift ratios, displacements and storey shears for the seven-storey building model which are achieved by both direct and spring-dashpot methods are illustrated in Figure 7 . The figure shows that considering SSI by direct method increases drift in soil type IV but, for other soil types the drift variation trend is sometimes increasing or decreasing. Also, in spring-dashpot method the achieved variation of drifts is sometimes increasing or decreasing. Considering SSI by both methods increases storey displacements with larger values in soil type IV compared to other soil types; in addition, the rate of increasing in direct method is larger than spring-dashpot method. In the graph which represents storey shears it can be observed that in direct method considering SSI may increases or decreases storey shears in all three soil types. Also, in equivalent spring-dashpot method there is not a noticeable variation in storey shears. Drift ratios, displacements and storey shears for the five-storey building model achieved by both direct and spring-dashpot methods are shown in Figure 8 . As can be seen, considering SSI in both direct and equivalent spring-dashpot method may increase or decrease drifts in all three soil types. However, considering SSI by direct method increases displacements which its rate is larger in soil type IV. In equivalent spring-dashpot method considering SSI increases displacements in soil types II and IV but with low effects in soil type III. In addition, the values of displacements achieved by direct method are larger with respect to the values achieved by equivalent spring-dashpot method. Also, considering SSI by direct method increases storey shears in all three soil types but in equivalent spring-dashpot method the variations of storey shears are almost the same for all three soil types. Drift ratios, displacements and storey shears for the three-storey building model achieved by both direct and spring-dashpot methods are illustrated in Figure 9 .The results show that considering SSI by direct method decreases drifts in soil types II and III but it may increases or decreases in soil type IV. Also, in spring-dashpot method the drift variation trend is sometimes increasing or decreasing in soil types II and III and increasing in soil type IV. Displacement ratio results achieved by direct method show that considering SSI increases displacements in soil type IV and the variations are low in two other soil types. Therefore, considering SSI by spring-dashpot method has no effect on displacement ratio in soil type II but increases displacements in two other soil types. Also, considering SSI by both methods increases storey shears in soil type IV and decreases storey shears in two other soil types. The structure principal period for models A to D achieved by three methods which are fixed base, equivalent spring-dashpot and direct methods in three soil types II, III and IV are compared in Table 4 . Table 4 shows that considering SSI by direct and spring-dashpot method in all soil types increases structure period which the values are larger in direct method with respect to spring-dashpot method. Also, it can be seen that in soil type IV the rate of increasing in period with considering SSI by direct method is extremely larger than spring-dashpot method with respect to other soil types.
Generally, by comparing two methods it can be seen that the direct method changes the building responses extremely as the drifts, displacements, storey shears and principal period of the building have larger values with respect to equivalent spring-dashpot method. Also, direct method changes building responses more than equivalent spring-dashpot method in different soil types.
A method for considering soil-structure interaction
Based on Veletsos and Meek (1974) 
Also, Tabatabaiefar and Massumi (2010) suggested the following criterion [equation (7)]:
In which V s is the soil shear wave velocity, f is the natural frequency of fixed base structure and h is the building height.
In current study, a criterion is proposed for considering the soil-structure interaction which is based on the direct method results. So that, in cases which three parameters of four parameters of displacement, drift, storey shears and principal period of the structure increase more than 25% or one parameter or more decreases more than 40%, considering the soil-structure interaction for the buildings with ten stories or less which are located on soil types II, III and IV is mandatory. Therefore, based on the proposed criterion, considering soil-structure interaction for three-storey buildings on soil types II and III and five-storey buildings on soil type II is not necessary.
In order to find a range for considering soil-structure interaction Table 5 is presented in three soil types for four models. In the table the natural frequency of models derived by equation (8) which is related to reinforced-concrete-moment-frame buildings is presented (BHRC, 2005) . 
where H is the building height to base level and T is the natural period of fixed base structure. 
Conclusions
In present study, the effects of considering soil-structure interaction on seismic behaviour of moment frames are assessed by numerical analysis. Hence three, five, seven and ten-storey buildings located on three different types of soil are analysed to find the effects of considering soil-structure interaction. The direct and equivalent spring-dashpot methods are used to consider the soil-structure interaction. It can be found that the direct method considers the soil-structure interaction in any type of soil better so the results achieved by this method is used to find an appropriate criterion. The brief conclusions are as follow:
1 Considering the soil-structure interaction for the buildings with three stories or less located on soil type III and five or fewer storey buildings located on soil type II has no importance.
